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Microbe D e t e c t i o n  Device" and c o n s t i t u t e s  t h e  f i n a l  r e p o r t  on 
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I n  1 9 0 3 ,  t h e  hardware development of  t h e  Wolf 'Trap d e t e c t i o n  
d e \ . i c c  began,  c u l m i n a t i n g  i n  an e n g i n e e r i n g  model i n  1966.  The 
r c s u l t i n g  d e v i c e  i s  p a t t e r n e d  a f t e r  t h e  e a r l y  work o f  D r .  V i s h n i a c ,  
14110 p r o v i d e d  i n f o r m a t i o n  on l i g h t  s c a t t e r i n g  and pH changes  i n  
an en r i chmen t  c u l t u r e .  The o r i g i n a l  d e s i g n  e f f o r t  was s imply  t o  
t r a n s f o r m  a l a b o r a t o r y  t e c h n i q u e  i n t o  someth ing  s u i t a b l e  f o r  a 
s p a c e  mission-with no a t t e m p t  t o  augment t h e  o r i g i n a l  "yes/no" 
i n d i c a t i o n  o f  l i f e .  

A f t e r  t h e  d e v i c e  was b u i l t  and t e s t e d ,  i t  became p o s s i b l e  t o  
c r i t i c a l l y  e v a l u a t e  t h e  c o n c Z u s i v e n e s s  o f  t h e  d a t a  p r o v i d e d  by 
t h e  Wolf T rap .  L i g h t  s c a t t e r i n g  i s  a power fu l  t o o l  i n  t h e  d e t e c -  
t i o n  o f  l i f e ,  p r o v i d i n g  d i r e c t  o b s e r v a t i o n  o f  i n c r e a s e s  i n  t h e  
number o f  suspended  o rgan i sms .  
c i e n c i e s  i n  pH p robe  manufac ture  h a s  caused  u s  t o  c o n s i d e r  a l t e r -  
n a t e  measurements  o f  chemica l  changes  caused  by b i o l o g i c a l  
a c t i v i t y .  These a l t e r n a t i v e s  a r e  s o u g h t  because  i t  i s  r e a l i z e d  
t h a t  t o  i n s u r e  mean ingfu l  d a t a ,  b o t h  an  i n c r e a s e  i n  p a r t i c l e  
number and changes i n  b i o l o g i c a l  a c t i v i t y  must be  measured .  

P r e s e n t  day t e c h n o l o g i c a l  d e f i -  

T h i s  r e p o r t  r e v i e w s  t h e  t h e o r y  o f  l i g h t  s c a t t e r i n g ,  X-ray  s c a t t e r -  
i n g ,  c o n d u c t i v i t y ,  and f l u o r e s c e n c e .  A d i s c u s s i o n  f o l l o w s  each  
t h e o r e t i c a l  s e c t i o n  t o  s t r e s s  t h o s e  a s p e c t s  o f  t h e o r y  which 
s h o u l d  be c o n s i d e r e d  i n  f u t u r e  d e c i s i o n s  on Wolf T r a p .  Thus,  an  
a l t e r n a t i v e  t o  pH measurement i s  examined i n  t h e o r y ,  t h e n  d i s -  
c u s s e d  i n  r e l a t i o n s h i p  t o  t h e  g o a l  o f  c u r r e n t  work on Wolf Trap- 
t o  i n s u r e  t h a t  t h e  d a t a  o b t a i n e d  by t h e  Wolf T rap  d e v i c e  i s  
c o n c l u s i v e .  
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S c c t i o n  1 
LIGIIT SCATTERING 

Bcfo re  p r e s e n t i n g  t h e  t h e o r y  of l i g h t  s c a t t e r i n g ,  i t  may be w e l l  
t o  r ev iew i t s  h i s t o r i c a l  development .  I n  1 8 6 8 ,  John  Tynda l l  
p r e s e n t e d  a pape r  t o  t h e  Royal S o c i e t y  o f  London i n  wkich he 
e x p l a i n e d  t h e  b l u e n e s s  o f  t h e  sky  a s  a f u n c t i o n  o f  t h e  s i z e  and 
d e n s i t y  of  p a r t i c l e s  i n  t h e  a i r .  S h o r t l y  a f t e r w a r d ,  Lord 
Ray le igh  made t h e  f i r s t  s c i e n t i f i c  a t t e m p t s  t o  measure l i g h t  
s c a t t e r i n g .  A f t e r  Maxwell i n t r o d u c e d  h i s  e l e c t r o m  g n e t i c  con-  
c e p t s  and deve loped  e q u a t i o n s  t o  e x p l a i n  t h e  behavi 'o r  of l i g h t ,  
r i g o r o u s  m a t h e m a t i c a l  t r e a t m e n t  o f  l i g h t  s c a t t e r i n g  and  o t h e r  
l i g h t  phenomena became p o s s i b l e .  Wi th in  a few y e a r s  Debye 
and Mie t o g e t h e r  succeeded  i n  f i n d i n g  p r a c t i c a l  m a t h e m a t i c a l  
s o l u t i o n s  t o  t h e  v e r y  invo lved  t h e o r e t i c a l  e q u a t i o n s  s e t  f o r t h  
by Maxwell. A t  f i r s t  t h e y  worked w i t h  t h e  s i m p l i f i e d  model o f  
R a y l e i g h  and c o n s i d e r e d  o n l y  s c a t t e r  from v e r y  small  s p h e r i c a l  
p a r t i c l e s .  L a t e r ,  t h e y  ex tended  t h e  b a s i c  t h e o r y  t o  i n c l u d e  a 
w i d e r  r ange  o f  p a r t i c l e  s i ze s .  They a l s o  e v a l u a t e d  t h e  e f f e c t  
o f  r e f r a c t i v e  i n d e x  and o t h e r  p h y s i c a l  p r o p e r t i e s  o f  p a r t i c l e s .  
However, l a r g e  e l e c t r o n i c  computers were r e q u i r e d  b e f o r e  f u l l  
a d v a n t a g e  c o u l d  be t a k e n  o f  much o f  t h i s  work. Today, t h e  l i t -  
e r a t u r e  c o n t a i n s  computer t r e a t m e n t s  o f  many s p e c i a l  c a s e s  based  
upon t h e  e a r l y  c o n c e p t s  by Debye and Mie. 

la 

Very r e c e n t l y ,  b i o c h e m i s t s  and polymer c h e m i s t s  have a p p l i e d  l i g h t  
s c a t t e r i n g  t e c h n i q u e s  t o  t h e  problem of  d e t e r m i n i n g  m o l e c u l a r  
s h a p e s  and d imens ions .  T h i s  e x a c t i n g  work r e q u i r e s  t h e  u s e  o f  
h i g h l y  s p e c i a l i z e d  i n s t r u m e n t s .  Commercial p r o d u c t s  do n o t  meet 
t h e  n e e d ,  f o r c i n g  r e s e a r c h e r s  t o  e i t h e r  modify e x i s t i n g  i n s t r u -  
men t s ,  o r  d e v e l o p  t h e i r  own. The commercial  i n s t r u m e n t s  a r e  de -  
s i g n e d  p r i m a r i l y  f o r  d e t e r m i n i n g  c rude  s i z e  d i s t r i b u t i o n  o f  p a r -  
t i c u l a t e  mat te r ,  and  a r e  used  i n  s t u d i e s  o f  a t m o s p h e r i c  and w a t e r  
c o n t a m i n a t i o n .  Th i s  i s  f a r  a f i e l d  o f  t h e  r e s e a r c h e r ' s  i n t e r e s t  
i n  t h e  p h y s i c a l  p r o p e r t i e s  o f  s i n g l e  p a r t i c l e s .  

1-1 
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Tf a beam o f  u n p o l a r i z e d  p a r a l l e l  l i g h t  i s  p a s s e d  th rough  a 
s u s p e n s i o n  o f  s m a l l  nonabsorb ing  p a r t i c l e s ,  l i g h t  i s  s c a t t e r e d  
from t h e  p a t h  of  t h e  beam and t h e  s u s p e n s i o n  a p p e a r s  c l o u d y .  
From t h i s ,  i t  can  be  concluded t h a t  t h e  suspended  p a r t i c l e s  have 
a r e f r a c t i v e  index  d i f f e r e n t  from t h a t  of  t h e  medium. 

I n  a u n i t  vel-ume o f  s o l v e n t ,  a l l  s o l v e n t  m o l e c u l e s  a r e  t h e o r e -  
t i c a l l y  of  e q u a l  s i z e  and a r r a n g e d  i n  a t h r e e - d i m e n s i o n a l ,  
r e g u l a r  a r r a y .  When a beam of p a r a l l e l ,  n o n p o l a r i z e d  l i g h t  
p a s s e s  t h r o u g h  t h e  l i q u i d ,  each molecu le  a c t s  as  a c e n t e r  o f  
s c a t t e r .  A l l  o f  t h e  l i g h t  s c a t t e r e d  i n  d i r e c t i o n s  l a t e r a l  t o  
t h e  i n c i d e n t  beam i s  c a n c e l l e d  by d e s t r u c t i v e  i n t e r f e r e n c e .  
Only t h o s e  pho tons  t h a t  are  s c a t t e r e d  p a r a l l e l  t o  t h e  i n c i d e n t  
beam a r e  r e i n f o r c e d  by c o n s t r u c t i v e  i n t e r f e r e n c e .  To t h e  o b s e r -  
v e r ,  a l l  o f  t h e  l i g h t  h a s  been s c a t t e r e d  i n  t h e  f o r w a r d  d i r e c t i o n .  

However, an inhomogenei ty  u p s e t s  t h i s  c o n d i t i o n  and p roduces  
l a t e r a l  s c a t t e r i n g .  T h e r e f o r e ,  when p a r t i c l e s  a r e  i n t r o d u c e d  
i n t o  t h e  h y p o t h e t i c a l  s o l v e n t  i n  a random f a s h i o n ,  t h e  p a r t i c l e s  
p roduce  i n h o m o g e n e i t i e s  and become c e n t e r s  o f  s c a t t e r .  The 
l a t e r a l  s c a t t e r i n g  a t t e n u a t e s  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  beam 
as  i t  p a s s e s  th rough  t h e  inhomogeneous medium. 

T h i s  a t t e n u a t i o n  o f  t h e  pr imary  l i g h t  beam i n t e n s i t y  i n  a d i l u t e  
s u s p e n s i o n  i s  shown by t h e  e q u a t i o n  

I = I o e  - T X  

Where I o  i s  t h e  i n t e n s i t y  o f  t h e  p r i m a r y  beam, I i s  t h e  i n t e n s i t y  
a f t e r  t h e  l i g h t  has  p e n e t r a t e d  X d i s t a n c e  i n t o  t h e  s u s p e n s i o n ,  
and T i s  t h e  r e c i p r o c a l  o f  t h e  d i s t a n c e  th rough  which t h e  i n c i -  
d e n t  beam must  p a s s  i n  o r d e r  t o  be  weakened by s c a t t e r i n g  t o  l / e  
o r  4 3  p e r c e n t  of  I o ,  I n  a s u s p e n s i o n  of small  p a r t i c l e s  (diame- 
t e r  0 . 1  mic rons )  such  as w e  a r e  c o n s i d e r i n g ,  t h i s  d i s t a n c e  i s  

1 - 2  
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a b o u t  1 0 0  m e t e r s ;  t h e r e f o r c ,  T i s  o f  t h e  o r d e r  o f  1 / 1 0  2 m e t e r s .  

I n  g e n e r a l  -r i s  t h e  f u n c t i o n  of a v a r i e t y  o f  f a c t o r s :  t h e  
wavc lcng th  o f  t h e  pr imary  l i g h t ,  t h e  c o n c e n t r a t i o n ,  t h e  s i z e ,  
t h e  shape,  and t h e  r c l a t i v e  r e f r a c t i v e  index  o f  t h e  s c a t t e r i n g  
p a r t i c l e .  

E q u a t i o n  (1 .2 )  shows t h e  f r a c t i o n  o f  t h e  i n c i d e n t  l i g h t  t h a t  i s  
s c a t t e r e d  by a u n i t  volume o f  t h e  s u s p e n s i o n  

where n i s  t h e  number o f  p a r t i c l e s  p e r  c u b i c  c e n t i m e t e r ,  A i s  
t h e  wave leng th  o f  t h e  i n c i d e n t  l i g h t ,  and a i s  a p r o p o r t i o n a l i t y  
f a c t o r  r e l a t i n g  t h e  magni tude  o f  t h e  induced  e l e c t r i c  moment t o  
t h e  s t r e n g t h  of  t h e  e x c i t i n g  e l e c t r i c  f i e l d .  Each p a r t i c l e  
r a d i a t e s  a s  an independen t  d i p o l e  t h a t  o s c i l l a t e s  i n  phase  w i t h  
t h e  i n c i d e n t  r a y .  The d i p o l e  i s  c r e a t e d  when one o r  more o f  t h e  
e l e c t r o n s  i n  a p a r t i c l e  a r e  s e t  i n t o  f o r c e d  v i b r a t i o n  by t h e  
i n c i d e n t  l i g h t .  T h i s  o s c i l l a t i n g  d i p o l e  immedia t e ly  r e t u r n s  t o  
normal  by r a d i a t i n g  a secondary  wave o f  t h e  same f r e q u e n c y  as  
t h e  i n c i d e n t  l i g h t .  

I n  t h e  s p e c i a l  case o f  small s p h e r i c a l  p a r t i c l e s ,  a o f  Eq. (1 .2)  
i s  p r o p o r t i o n a l  t o  t h e  volume o f  t h e  p a r t i c l e .  The i n t e n s i t y  o f  
t h e  s c a t t e r e d  l i g h t  i s  t h e r e f o r e  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  
t h e  volume o r  t o  t h e  s i x t h  power o f  t h e  r a d i u s  o f  t h e  p a r t i c l e .  
W i t h i n  t h e  p a r t i c l e  s i z e  r ange  ( d i a m e t e r  l ess  t h a n  1 / 1 0  A )  f o r  
which t h e  Ray le igh  e q u a t i o n  h o l d s  t r u e ,  t h e r e  i s  t h u s  t h i s  p r o -  
nounced e f f e c t  on t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  a s  a f u n c -  
t i o n  o f  t h e  p a r t i c l e  s i z e .  

1 -3  
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Another  f a c t o r  a f f e c t i n g  t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  i s  

II o f  E q .  ( 1 . 2 ) .  I n  o t h e r  words ,  a s  t h e  c o n c e n t r a t i o n  o f  p a r t i -  
c l e s  i n  a s o l u t i o n  i n c r e a s e s ,  T i n c r e a s e s  p r o p o r t i o n a t e l y .  

F o r  any a n g l e  8 measured from t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  beam, 
t h e  i n t e n s i t y  of  t h e  obse rved  s c a t t e r e d  l i g h t  i s  t h e  r e s u l t  o f  
a l l  of t h e  c o n s t r u c t i v e  and d e s t r u c t i v e  i n t e r a c t i o n s  o f  t h e  
l i g h t  waves ( F i g .  1 - 1 ) .  For  sys tems obey ing  t h e  Ray le igh  equa -  
t i o n ,  t h e  obse rved  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  i s  p r o p o r -  
t i o n a l  t o  (1 + cos  0 ) ;  t h a t  i s ,  -re i s  dependent  on t h e  magni tude  
o f  a n g l e  8 .  

2 

I n  t h i s  c a s e ,  E q .  (1 .2 )  becomes 

T - - fi ( F)4  na 2 (1 + c o s 2  0 )  
Ob 3 

( 1 . 3 )  

where -rob , t h e  obse rved  t u r b i d i t y ,  f o r  any 8 now r e l a t e s  t o  
t h a t  f r a c t i o n  o f  t h e  i n c i d e n t  l i g h t  s c a t t e r e d  by a n g l e  0 .  The 
s c a t t e r e d  l i g h t  i s  i n  f a c t  composed of  two o p t i c a l l y  p o l a r i z e d  
components .  One component has  t h e  e l e c t r i c  v e c t o r  p e r p e n d i c u l a r  
t o  t h e  a x i s  o f  t h e  i n c i d e n t  beam, t h e  e l e c t r i c  v e c t o r  o f  t h e  
o t h e r  i s  p a r a l l e l  t o  t h i s  a x i s .  

F i g u r e s  1 - 2  t h rough  1 - 8  a r e  s e m i - l o g  p o l a r  p l o t s  o f  a n g u l a r  
s c a t t e r e d  i n t e n s i t y . *  I n  t h e s e  f i g u r e s ,  a s o l i d  l i n e  r e p r e s e n t s  

* F i g u r e s  1 - 2  t h rough  1 - 7  a r e  o b t a i n e d  by p l o t t i n g  d a t a  from com- 
p u t e r  s o l u t i o n s  o f  Mie t h e o r y  e q u a t i o n s  p u b l i s h e d  by NBS: "Tables  
of  S c a t t e r i n g  F u n c t i o n s  For  S p h e r i c a l  P a r t i c l e s " ,  U.S. N a t i o n a l  
Bureau o f  S t a n d a r d s ,  A p p l i e d  Mathematics  S e r i e s  (AMs) No. 4 ,  
U.S. Government P r i n t i n g  Off ice ,  J a n  25 1949.  F i g u r e  1 - 8  i s  
from G .  C .  C l a r k ,  Chiao-Min Chu, and S. W .  C h u r c h i l l ,  "Angular 
D i s t r i b u t i o n  C o e f f i c i e n t s  For  R a d i a t i o n  S c a t t e r e d  by a S p h e r i c a l  
P a r t i c l e . I 1  J o u r n a l  o f  t h e  O p t i c a l  S o c i e t y  o f  America,  V o l .  4 7 ,  
pp.  81  t o  84 1957. 
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F i g .  1 - 2  Smal l  S p h e r i c a l  D i e l e c t r i c  S c a t t e r  P l o t :  m = 1 . 3 3 ;  a = 0 . 5  
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F i g .  1 - 4  S p h e r i c a l  D i e l e c t r i c  S c a t t e r  P l o t :  m = 1 . 3 3 ;  a = 3 . 0  
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F i g .  1 - 8  Large  S p h e r i c a l  D i e l e c t r i c  S c a t t e r  P l o t :  m = 1 .33 ;  a = 25 
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F i g .  1 - 9  Rod-Like P a r t i c l e  S c a t t e r  P l o t :  m - 2 ;  ct = 3 
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t h e  t o t a l  s c a t t e r e d  l i g h t  i n t e n s i t y .  
s e n t s  o n l y  t h a t  component i n  which t h e  e l e c t r i c  v e c t o r  i s  p e r -  
p e n d i c u l a r  t o  t h e  a x i s  o f  t h e  i n c i d e n t  beam. T h i s  s econd  l i n e  
shows t h a t  t h e r e  i s  a d i f f e r e n c e  i n  i n t e n s i t y  as a f u n c t i o n  o f  
e and o p t i c a l  p o l a r i z a t i o n  as a f u n c t i o n  o f  e f o r  e a c h  o f  t h e  
two components .  Alpha-as found on t h e s e  f i g u r e s - i s  d e f i n e d  
a s  

The b roken  l i n e  r e p r e -  

(1 .4 )  

where R i s  t h e  l e n g t h  o f  t h e  p a r t i c l e .  I t  s h o u l d  n o t  b e  con-  
f u s e d  w i t h  t h e  a l p h a  o f  Eq.  ( 1 . 2 ) .  

A l s o ,  t h e  m t h a t  a p p e a r s  w i t h  t h e s e  f i g u r e s  i s  t h e  r e l a t i v e  
r e f r a c t i v e  i n d e x  o f  t h e  system 

1 i 
m = -  

where il i s  t h e  r e f r a c t i v e  index  o f  t h e  p a r t i c l e ,  and io i s  t h e  
r e f r a c t i v e  i n d e x  o f  t h e  s o l v e n t .  A l l  o f  t h e s e  te rms  a p p e a r  i n  
Mie t h e o r y  e q u a t i o n s .  

F i g u r e s  1 - 2  and 1 - 3  r e p r e s e n t  t h e  s p e c i a l  c a s e  o f  small ,  s p h e r i -  
c a l ,  n o n a b o s r b i n g  p a r t i c l e s .  F i g u r e s  1 - 4 ,  1 - 5 ,  1 - 6 ,  and 1 - 7  a r e  
p l o t t e d  from d a t a  f o r  l a r g e r  p a r t i c l e s ,  ( a  a p p r o x i m a t e l y  e q u a l  
t o  o r  g r e a t e r  t h a n  3 . )  The a n g u l a r  s c a t t e r i n g  p a t t e r n s  f o r  t h e s e  
l a r g e r  p a r t i c l e s  e x h i b i t  pronounced maxima and minima. T h i s  can  
b e  a t t r i b u t e d  t o  d e s t r u c t i v e  i n t e r f e r e n c e  c a u s e d  by m u l t i p l e  
s c a t t e r i n g  p o i n t s  w i t h i n  each  i n d i v i d u a l  l a r g e  p a r t i c l e .  
R a y l e i g h  s c a t t e r  s i m p l i f i c a t i o n s  do n o t  h o l d  i n  t h i s  p a r t i c l e  
s i z e  r a n g e ,  s o  t h a t  t h e  e q u a t i o n s  t h a t  must  b e  employed become 
v e r y  complex. 
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Looking a t  F i g .  1 - 2 ,  1 - 4 ,  1 - 6 ,  and 1 - 8 ,  i t  i s  n o t i c e d  t h a t  as 
a i n c r e a s e s  f o r  a g iven  r e f r a c t i v e  index  (here  1 . 3 3 ) ,  t h e  p l o t s  
bccome more s t r u c t u r e d .  I n  o t h e r  words ,  a s  t h e  p a r t i c l e  s i z e  
i n c r e a s e s ,  t h e  number of  maxima and minima i n c r e a s e s  a s  does  
a l s o  t h e  r a t i o  of  t h e  i n t e n s i t y  a t  one maximum t o  t h e  i n t e n s i t y  
a t  t h e  n e x t  minimum. I n  a d d i t i o n ,  t h e  l i g h t  s c a t t e r  enve lope  
v a r i e s  f rom a l m o s t  e q u a l  s c a t t e r  i n  a l l  d i r e c t i o n s ,  t o  a p r o -  
nounced s c a t t e r  i n  t h e  forward  d i r e c t i o n .  

T u r n i n g  t o  a comparison o f  F i g s .  1 - 2 ,  1 -3 ,  1 - 4 ,  1 - 5 ,  and 1 - 6 ,  
1 - 7 ,  where a i s  h e l d  c o n s t a n t  f o r  each  p a i r ,  i t  i s  s e e n  t h a t  a 
d i f f e r e n c e  i n  r e f r a c t i v e  index  ( h e r e  w e  a r e  comparing m = 1 . 3 3  
and m = 2 . 0 )  c a u s e s  v e r y  l i t t l e  change i n  t h e  s t r u c t u r e  o f  t h e  
p l o t .  

So f a r ,  we have c o n s i d e r e d  l i g h t  s c a t t e r  f o r  s p h e r i c a l ,  non- 
a b s o r b i n g  p a r t i c l e s .  I t  s h o u l d  be  n o t e d  t h a t  o t h e r  c a s e s  e x i s t .  
I f  t h e  p a r t i c l e s  a r e  l i g h t - a b s o r b i n g ,  t h e  o v e r a l l  i n t e n s i t y  o f  
s c a t t e r e d  l i g h t  i s  g r e a t l y  r educed .  However, an i n c r e a s e  i n  t h e  
number o f  p a r t i c l e s  s t i l l  p roduces  an i n c r e a s e  i n  t h e  amount o f  
l i g h t  s c a t t e r e d ,  as i n  t h e  c a s e  f o r  nonabsorb ing  p a r t i c l e s .  I f  
t h e  p a r t i c l e s  a r e  l a r g e  and l i g h t - a b s o r b i n g ,  t h e  l i g h t  s c a t t e r  
d i ag rams  show l e s s  pronounced maxima and minima. I t  h a s  been  
s u g g e s t e d  t h a t  t h i s  i s  due t o  t h e  a t t e n u a t i o n  of i n t e r n a l l y  
r e f l e c t e d  r a y s  by t h e  a b s o r b i n g  m a t e r i a l ,  which p r o v i d e s  less 
o p p o r t u n i t y  f o r  d e s t r u c t i v e  i n t e r f e r e n c e  t o  o c c u r .  I f  t h e  s p h e r e s  
r e f l e c t  l i g h t ,  back s c a t t e r  (where 8 = 180 d e g r e e s )  i s  g r e a t l y  
i n c r e a s e d .  

F i g u r e  1 - 9  i s  a p a r t i a l  l i g h t  s c a t t e r  d iagram f o r  r o d - l i k e  p a r -  
t i c l e s .  The smooth appea rance  o f  t h i s  p a r t i a l  p l o t  s h o u l d  be  
compared w i t h  F i g s .  1 - 4  and 1 - 5 .  
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These t h r e e  d iagrams might  be e x p e c t e d  t o  be  v e r y  s i m i l a r - s i n c e  
t h e  a l p h a  f o r  each  p l o t  i s  t h e  same. 
t i o n  must be  i n t r o d u c e d :  
t a t i o n  o f  p a r t i c l e s  i n  a s u s p e n s i o n .  
and s h o r t  a x i s ,  w e  can  speak  of random and nonrandom o r i e n t a t i o n  
of  a l l  such  p a r t i c l e s  i n  a s u s p e n s i o n .  
t i o n ,  c a n n o t  be s a i d  t o  be i n  random o r  nonrandom o r i e n t a t i o n  
s i n c e  t h e y  appea r  t h e  same from a l l  d i r e c t i o n s .  

However, a n o t h e r  c o n s i d e r a -  

Because a rod  has  a l o n g  

And s p h e r e s  by d e f i n i -  

t h e  t h r e e  p l o t s  a r e  f o r  random o r i e n -  

I f  a l i g h t  s c a t t e r  p l o t  were made f o r  nonrandom o r i e n t a t i o n  o f  
r o d - l i k e  p a r t i c l e s ,  t h e  p l o t  would be h i g h l y  s t r u c t u r e d - u n l i k e  
F i g .  1 - 9 . "  I n  c o n t r a s t ,  t h e r e  i s  no change i n  t h e  s t r u c t u r e  o f  a 
l i g h t  s c a t t e r  p l o t  as a f u n c t i o n  o f  o r i e n t a t i o n  f o r  s p h e r e s ,  due 

t o  t h e i r  geometry.  

Fu r the rmore ,  Powell** r e c e n t l y  has  shown t h a t  when r o d - l i k e  p a r -  
t i c l e s  a r e  o r i e n t e d  s o  t h a t  t h e  l o n g  a x i s  i s  normal  t o  t h e  i n c i -  
d e n t  beam, t h e  i n t e n s i t y  o f  s c a t t e r e d  l i g h t  i s  i n c r e a s e d  by 28 
p e r c e n t  ove r  t h a t  obse rved  f o r  random o r i e n t a t i o n .  S i m i l a r  
e x p e r i m e n t s  w i t h  human e r y t h r o c y t e s  r e s u l t e d  i n  a 1 2  p e r c e n t  
i n c r e a s e .  

" F i g u r e  1 - 9  i s  from G e r a l d  Os ter ,  P .  M .  Doty and B. M .  Z i m m ,  
" L i g h t  S c a t t e r i n g  S t u d i e s  o f  Wbacco Mosaic V i r u s , "  J .  Am.  Chem. 
- S O C . ,  Vol .  6 9 ,  pp.  1193 t o  1197, 1 9 6 7 .  

**E.  0 .  Powell  and P .  J .  S toward ,  "A P h o t o m e t r i c  Method f o r  
F o l l o w i n g  Changes i n  Length o f - B a c t e r i a , "  
M i c r o b i o l o g y ,  Vol .  2 7 ,  pp. 489 t o  5 0 0 ,  1962.  

J o u r n a l  o f  Gene ra l  
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I n  l i g h t  o f  t h e  p r e c e d i n g  t h e o r e t i c a l  work,  l e t  us  c o n s i d e r  t h e  
r e q u i r e m e n t s  t h a t  must be met i n  d e t e c t i n g  l i f e .  The f o l l o w i n g  
i s  a f a m i l i a r  l i s t ;  

(1) The t e c h n i q u e  used  i n  l i f e  d e t e c t i o n  s h o u l d  be 
b a s e d  on t h e  f ewes t  a s sumpt ions  p o s s i b l e .  

( 2 )  Data  t h a t  i s  i n t e r p r e t e d  a s  a p o s i t i v e  i n d i c a t i o n  
o f  l i f e  s h o u l d  have  a low p r o b a b i l i t y  o f  o c c u r -  
r e n c e  i f  t h e r e  i s  no l i f e  p r e s e n t .  

( 3 )  A n e g a t i v e  i n d i c a t i o n  o f  l i f e  s h o u l d  be  as con-  
c l u s i v e  a s  p o s s i b l e .  

L i f e  c a n  be  c h a r a c t e r i z e d  as t h a t  which r e p r o d u c e s ,  m u t a t e s ,  
and r e p r o d u c e s  m u t a t i o n s .  
on t h i s  b a s i c  assumption-that  l i f e  on Mars does r e p r o d u c e .  
The p r e l i m i n a r y  e n g i n e e r i n g  model has  been  t e s t e d  t o  p rove  
t h a t  t h e  Wolf T rap  t e c h n i q u e  i s  b a s i c a l l y  sound.  
n e c e s s a r y  t o  o p t i m i z e  t h e  d e s i g n  o f  t h e  i n s t r u m e n t  as advances  
i n  components a l l o w .  

The approach  used  i n  Wolf Trap  res t s  

I t  i s  now o n l y  

I n  t h e o r y ,  a n u t r i e n t  s o l u t i o n  a l o n e  s c a t t e r s  no l i g h t .  When 
p a r t i c l e s  a r e  i n t r o d u c e d ,  a f r a c t i o n  o f  t h e  i n c i d e n t  l i g h t  T 

i s  s c a t t e r e d .  
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T h i s  T v a r i e s  a s  n a n d / o r  a vary .  I t  i s  a t  t h i s  p o i n t  t h a t  w e  
s h o u l d  c o n s i d e r  r equ i r emen t  ( 2 ) .  A s e r i e s  of  c a l i b r a t i o n  c u r v e s  
f o r  many d i f f e r e n t  organisms and combina t ions  o f  organisms can  
b e  o b t a i n e d  i n  t h e  l a b o r a t o r y  w i t h  t h e  Wolf Trap  d e v i c e .  Ex- 
p e r i e n c e  g a i n e d  i n  r e c o g n i z i n g  growth c u r v e s  w i l l  i n s u r e  t h a t  
any chance  i n c r e a s e  i n  a i s  not  m i s i n t e r p r e t e d  a s  an i n c r e a s e  
i n  t h e  number o f  organisms.  
p rox ima te  a growth c u r v e ,  t h e  measurement o f  o t h e r  p a r a m e t e r s  
would a l l e v i a t e  any c o n f u s i o n .  

Even i f  an i n c r e a s e  i n  a were t o  ap-  

L i g h t  s c a t t e r  t h e o r y  i n d i c a t e s  t h a t  t h e  s t r u c t u r e  o f  a l i g h t  
s c a t t e r  p l o t  can  p r o v i d e  an approximate  s i z e  o f  s p h e r i c a l  p a r -  
t i c l e s .  T h i s  measurement becomes more s i g n i f i c a n t  i f  p u r e  c u l -  
t u r e s  a r e  o b t a i n e d .  And an i n c r e a s e  i n  t h e  number o f  d e t e c t o r s  
c o u l d  f u r t h e r  r e f i n e  t h i s  app rox ima t ion .  

A p u r e  c u l t u r e  o f f e r s  more, though,  t h a n  a r e f i n e d  p r o c e s s  o f  
a p p r o x i m a t i n g  p a r t i c u l a t e  s i z e .  Fo r  example,  i f  t h e  organisms 
were t o  b e  o r i e n t e d  i n  an o r d e r l y  a r r angemen t  a f t e r  t h e y  have  
been  i d e n t i f i e d  a s  a p u r e  c u l t u r e ,  an approx ima t ion  o f  t h e i r  
s h a p e  would a l s o  b e  p o s s i b l e .  

So f a r  w e  have been  r e v i e w i n g  t h e  t h e o r e t i c a l  p o t e n t i a l s  o f  t h e  
Wolf Trap  d e v i c e .  There  a r e  many s p e c i f i c  q u e s t i o n s  t o  b e  
answered ,  and t h e r e  a r e  many a l t e r n a t i v e s  t o  c o n s i d e r .  Our 
n e x t  s t e p  s h o u l d  b e  l a b o r a t o r y  t e s t i n g .  The f o l l o w i n g  i s  a 
l i s t  o f  approaches  t h a t  w e  f e e l  would be  a d v a n t a g e o u s l y  t e s t e d .  

(1 )  M u l t i p l e  d e t e c t o r s  would e n a b l e  us  t o  d e t e c t  n o t  
o n l y  fo rward  s c a t t e r  b u t  a l s o  s c a t t e r  a t  o t h e r  
a n g l e s .  Such a g e o m e t r i c  a r rangement  would make 
b o t h  p a r t i c l e  s i z e  and p a r t i c l e  shape  d e t e r m i n -  
a t i o n s  p o s s i b l e .  
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The  p a t h  l e n g t h  o f  t h e  l i g h t  w i t h i n  t h e  c u l t u r e  
chamber cou ld  b e  i n c r e a s e d ,  i f  t h i s  l i g h t  c o u l d  
be  r e f l e c t e d  from t h e  i n t e r i o r  w a l l s  of t h e  
chamber.  Such an i n c r e a s e  i n  p a t h  l e n g t h  would 
i n t e n s i f y  t h e  s i g n a l  s t r e n g t h  f o r  a g i v e n  power 
e x p e n d i t u r e .  

P u l s i n g  t h e  l i g h t  s o u r c e  would r e d u c e  t h e  power 
e x p e n d i t u r e .  P u l s e  a m p l i f i e r s  would improve t h e  
s i g n a l - t o - n o i s e  r a t i o .  

I t  may be  advan tageous  t o  d e t e c t  l i f e  a t  t h e  s u r -  
f a c e  o f  t h e  c u l t u r e  chamber ( a s  we l l  as w i t h i n  t h e  
n u t r i e n t  med ia ) .  

I t  may b e  t h a t  t h e  s u n  c o u l d  p r o v i d e  an i n t e n s e ,  
b roadband s o u r c e  o f  l i g h t .  

A l i g h t  s o u r c e  s u i t a b l e  b o t h  f o r  p h o t o s y n t h e s i s  
and l i g h t  s c a t t e r  measurement c o u l d  g r e a t l y  r e -  
duce power r e q u i r e m e n t s .  

F i b e r  o p t i c s  may p r o v i d e  a way t o  b e t t e r  d i s t r i -  
b u t e  and  d i r e c t  t h e  l i g h t  from t h e  l i g h t  s o u r c e .  

To a i d  i n  the  d e t e r m i n a t i o n  o f  p a r t i c l e  s h a p e ,  
i t  may be  p o s s i b l e  t o  o r i e n t  t h e  p a r t i c l e s  i n  an 
o r d e r l y  a r rangement  ( i . e . ,  as  b l o o d  c e l l s  i n  t h e  
c a p i l l a r i e s )  and  stream t h e  p a r t i c l e s  p a s t  t h e  
o p t i c s .  

( 9 )  A c o l o r i m e t e r  d e t e r m i n a t i o n  may b e  p o s s i b l e  
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Section 2 
X-RAY SCATTERING 

In 1906, Charles Barkla and C. A. Sadler correctly determined 
the number o f  electrons in the carbon atom by measuring the 
X-ray scattering coefficient of carbon. This determination was 
based on the theoretical work of J. J.  Thomson. Barkla's work 
formed a strong support for the supposition that X-rays are of  
the same nature as other known electromagnetic radiation. 

In 1960, Kratky, Luzzati, Baro, and Witz used X-ray scattering 
techniques in an attempt to better understand the detailed 
structures of biopolymers in solution. In their work, they 
were able to determine molecular weight, particle density, 
volume, hydration, and surface to volume ratio for macromole- 
cules. 

We are basing our considerations of X-ray scattering as a com- 
plimentary technique of life detection on the Thomson 
equation 

2 7.9 x 1 + cos 20 
P - - 

2 2 a el i 

where iel is the intensity of the scattered radiation when a 
single electron is exposed t o  a primary beam P o f  X-rays, a is 
the distance from the observer to the point of scatter, and 2 0 

is the angle between the primary beam and the scattered radiation. 
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B a s i c a l l y ,  t h e  phenomena o f  X-ray s c a t t e r i n g  and l i g h t  s c a t t e r -  
i n g  are i d e n t i c a l .  I n  o t h e r  words ,  what a p p l i e s  t o  one i n  most 
c a s e s ,  a p p l i e s  t o  t h e  o t h e r .  Two d i f f e r e n c e s  do a r i s e ,  however,  
i n  t h e  segments  o f  t h e  t h e o r y  w e  a r e  c o n s i d e r i n g .  

F i r s t ,  when working w i t h  l i g h t  s c a t t e r ,  w e  were c o n s i d e r i n g  
p a r t i c l e s  o f  0 . 1 ~  t o  1.01.1 and wave leng ths  o f  0 . 4  t o  0 . 8 ~  
(4000  t o  8000 A ) .  
m o l e c u l e s  of  a p p r o x i m a t e l y  0 . 0 1 ~  and wave leng ths  o f  4 . 0  t o  
8 . 0  x 1 0 - 4 ~  (1/1000 t h a t  o f  v i s i b l e  l i g h t ) .  

Now w e  have t u r n e d  o u r  a t t e n t i o n  t o  macro- 

S e c o n d l y ,  i n  t h e  Thomson e q u a t i o n ,  w e  a r e  now c o n s i d e r i n g  s c a t t e r  
f rom a s i n g l e  e l e c t r o n  ra ther  t h a n  from a whole p a r t i c l e .  
l i g h t  s c a t t e r ,  e a c h  p a r t i c l e  r a d i a t e s  a s  a n  independen t  d i p o l e  
o s c i l l a t i n g  i n  phase  w i t h  t h e  i n c i d e n t  r a y .  The o s c i l l a t i n g  
d i p o l e  immedia t e ly  r e t u r n s  t o  normal by r a d i a t i n g  a s e c o n d a r y  
wave o f  t h e  same f r e q u e n c y  as t h e  i n c i d e n t  l i g h t .  I n  X-ray  
s c a t t e r ,  when a beam o f  e l e c t r o m a g n e t i c  r a d i a t i o n  s t r i k e s  an  
e l e c t r o n ,  some o f  t h e  ene rgy  i s  abso rbed  and t h e n  r e e m i t t e d  a t  
t h e  same f r e q u e n c y  a s  t h a t  o f  t h e  i n c i d e n t  r a d i a t i o n .  

In  

The r e a s o n  f o r  t h i s  second d i f f e r e n c e  i s  h i s t o r i c a l .  R a y l e i g h ' s  
work on l i g h t  s c a t t e r  was i n  terms o f  whole p a r t i c l e s  w h i l e  
Thomson's was i n  terms o f  s i n g l e  e l e c t r o n s ,  and t h e s e  two view 
p o i n t s  have been  c o n t i n u e d  i n  s u b s e q u e n t  work i n  t h e  f i e l d .  

I n  l i g h t  s c a t t e r ,  most o f  t h e  s c a t t e r  from a l a r g e  p a r t i c l e  i s  
i n  t h e  f o r w a r d  d i r e c t i o n ,  as shown i n  F i g .  1 - 8 .  Macromolecules  
a r e  s o  l a r g e  i n  comparison t o  X-rays  t h a t ,  f o r  a l l  p u r p o s e s ,  
most  o f  t h e  X-rays  a r e  s c a t t e r e d  i n  t h e  f o r w a r d  d i r e c t i o n .  I n  
t h e o r y ,  f o r  a g i v e n  a ,  a s c a t t e r  p l o t  l o o k s  t h e  same whe the r  
R = 0 . 1 ~  o r  R = 0 . 0 1 ~  and X is  i n  t h e  r ange  o f  X-ray o r  v i s i b l e  
l i g h t .  

2 - 2  
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With t h i s  i n  mind,  i t  can  be  s e e n  t h a t  0 ,  t h e  a n g l e  between t h e  
p r i m a r y  beam and t h e  s c a t t e r e d  r a d i a t i o n ,  i s  a lways  v e r y  small. 

Hence, t h e  term 
and w e  need n o t  c o n s i d e r  i t  f u r t h e r .  

2 
+ 'Os 2o of Equa t ion  ( 2 . 1 )  approaches  u n i t y ,  2 

Our r e v i s e d  e q u a t i o n  i s  

- 26 7.9 x 1 0  
i =  P e l  2 a 

Let u s  now c o n s i d e r  a s u b s t a n c e  o f  m o l e c u l a r  we igh t  M c o n t a i n -  
i n g  Z1 m o l e - e l e c t r o n s  p e r  gram. 
a re  exposed  t o  a beam o f  X-rays ,  each  e l e c t r o n  ac t s  as a d i f f r a c -  
t i o n  c e n t e r .  
and t h e  s q u a r e  of t h e  r e s u l t i n g  a m p l i t u d e  i s  p r o p o r t i o n a l  t o  t h e  
i n t e n s i t y .  T h e r e f o r e ,  E q .  (2 .2)  becomes 

When Z I M  e l e c t r o n s  p e r  molecu le  

The a m p l i t u d e  of t h e s e  d i f f r a c t i o n s  becomes a d d i t i v e ,  

-26 
2 2  7 .9  x 1 0  

a 
- 

i e l  - z 'lM (2.3)  

I n  a t h e o r e t i c a l  d i s p e r s e d  s i n g l e  component s y s t e m ,  t h e r e  i s  
no p h a s e  r e l a t i o n s h i p  between t h e  s c a t t e r e d  r a y s  i f  t h e  a v e r a g e  
d i s t a n c e  between t h e  macromolecules  i s  g r e a t e r  t h a n  R, where R 
i s  t h e  d imens ion  o f  a macromolecule .  I f  t h e  sys tem c o n t a i n s  g 

grams ( i .  e .  where N i s  Avagadro 's  number) ,  t h e n  t h e  s c a t t e r  
i n t e n s i t y  i s  g i v e n  by 

-26 
(2 4 )  

2 2 gN 7.9 x 1 0  

a 
PZIM - - 

M i e l  - 2 

o r  

-26  7.9 x 1 0  

a 
i =  PZIMgN e l  2 

(:!.5) 
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This scatter intensity is proportional to the weight concentra- 
tion o f  the system as well as to the weight of each molecule. 
This is similar to the effect of n in E q .  ( 1 . 2 ) :  i.e., as n 
increases, T increases. 

Since this single component system does not encompass the prac- 
tical case of the nutrient solution that we must work with, 
our interest turns to the molecular dimensions of the solvent 
and solute particles. A uniform density of electrons throughout 
the solvent system is necessary s o  that the electrons of the 
solvent molecules appear as a continuum. As noted in the sec- 
tion on light scatter theory, X-rays scattered laterally from 
the nutrient will be extinguished by destructive interference. 
Ideally, the only inhomogeneities in the continuum are the 
macromolecules, which appear as localized disturbances. X-ray 
scattering occurs at these sites because the macromolecules 
have higher electron densities than do the molecules of the 
nutrient solution they have displaced. 

This effect is described by the relationship 

ze = z1 - V1P2 
Where Ze is the excess electrons, Z1 the effective mole-electrons 
per gram of macromolecular substance, and V, the partial specific 
volume of the macromolecules. 
number of mole-electrons per cm3 and i s  given by 

The electron density P 2  is the 

C atomic number of solute 

C atomic weight of solute 
P2 = density X 

where the term "density" reflects the fact that-due to the 
nature of bond lengths-a polymerized molecule occupies less 
space than an equivalent number of individual monomer molecules. 

2 - 4  
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Let u s  r e t u r n  once a g a i n  t o  t h e  c r i t e r i a  t h a t  must be  met i n  
d e t e c t i n g  l i f e .  

Both r e q u i r e m e n t s  ( 2 )  and ( 3 )  (page  1 -17)  s t ress  t h e  need  f o r  
measu r ing  a d d i t i o n a l  p a r a m e t e r s .  Our p r e v i o u s  work w i t h  t h e  
Wolf Trap  d e v i c e  has  i n d i c a t e d  s e v e r a l  u s e f u l  and i n t e r e s t i n g  
p o s s i b i l i t i e s .  However, l a b o r a t o r y  t e s t i n g  i s  n e c e s s a r y  t o  e v a l -  
u a t e  t h e s e  v a r i o u s  a p p r o a c h e s .  

The re  a r e  s e v e r a l  major  c o n s i d e r a t i o n s  gove rn ing  t h e  s e l e c t i o n  
o f  t h e  v a r i o u s  p a r a m e t e r s  t o  be measured .  These c o n s i d e r a t i o n s  
i n c l u d e  t h e  power a v a i l a b l e ,  t h e  w e i g h t ,  s i z e ,  c o m p a t i b i l i t y  
( w i t h  o t h e r  e x p e r i m e n t s ) ,  r u g g e d n e s s ,  and t e l e m e t r y  c h a r a c t e r -  
i s t i c s  of  t h e  d e v i c e .  

X- ray  s c a t t e r  i s  s imi la r  t o  l i g h t  s c a t t e r ,  e x c e p t  t h a t  X-rays  
a re  s c a t t e r e d  by much smaller p a r t i c l e s .  T h e r e f o r e ,  X-ray  
s c a t t e r  would p r o v i d e  an  i m p o r t a n t  c o n f i r m a t i o n  f o r  l i f e  d e t e c -  
t i o n  i n  t h e  Wolf T r a p  d e v i c e .  The e v i d e n c e  o f  l i f e  would b e  
much more c o n c l u s i v e  i f ,  c o n c u r r e n t l y  w i t h  an i n c r e a s e  i n  t h e  
number o f  p a r t i c l e s ,  an i n c r e a s e  i n  t h e  number o f  p a r t i c l e  sub -  
u n i t s  were a l s o  o b s e r v e d .  

However, X-ray s c a t t e r  i s  n o t  a deve loped  l a b o r a t o r y  t e c h n i q u e  
f o r  d e t e c t i n g  macromolecules  w i t h i n  an organism.  For  t h i s  
r e a s o n ,  t e s t i n g  i s  needed  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  t h i s  
t e c h n i q u e .  The g e o m e t r i c  c o n s i d e r a t i o n s  i n  X-ray  s c a t t e r  a r e  
v e r y  c r i t i c a l  s i n c e  t h e  s c a t t e r  a n g l e s  a r e  v e r y  s m a l l .  

Ment ion  h a s  been made o f  t h e  c o n s i d e r a t i o n s  n e c e s s a r y  when 
d e s i g n i n g  a n u t r i e n t  media t o  b e  used  w i t h  X- rays .  Such a 
media  s u i t a b l e  f o r  u s e  w i t h  X-rays would a l s o  be  s u i t a b l e  f o r  

2-5 
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u s e  w i t h  l i g h t ,  i f  one more c r i t e r i a  were met- t ransparency 
t o  l i g h t .  Because l o s s e s  i n  t h e  i n c i d e n t  beam o f  X-rays  w i l l  
o c c u r  i n  t h e  windows a s  w e l l  a s  t h e  n u t r i e n t ,  t h e  p a t h  l e n g t h  
i n  t h e s e  m a t e r i a l s  i s  n e c e s s a r i l y  q u i t e  s h o r t .  

To r educe  t h i s  a b s o r p t i o n ,  t h e  windows must be  c o n s t r u c t e d  
from m a t e r i a l s  o f  low a t o m i c  number, such  a s  b e r y l l i u m  and 
aluminum. 
a t i o n  as a l l  common l i g h t  t r a n s p a r e n t  m a t e r i a l s  s t o p  X- rays  
( e x c e p t  p e r h a p s  p l a s t i c ) .  

The same window might n o t  p a s s  b o t h  t y p e s  o f  r a d i -  

One i m p o r t a n t  f e a t u r e  o f  X-ray i s  t h a t  t h e  pho tons  are  s o  
e n e r g e t i c  t h a t  s i n g l e  photons  can  be coun ted .  Thus ,  t h e  s o u r c e  
i n t e n s i t y  f o r  X-ray s c a t t e r  d e t e r m i n a t i o n s  can  b e  low. 

The re  a re  s e v e r a l  p o s s i b l e  X-ray s o u r c e s  t h a t  c o u l d  meet t h e  
needs  o f  a l i f e  d e t e c t i o n  i n s t r u m e n t ;  f o r  example m i n i a t u r e  
X-ray g e n e r a t o r s ,  o r  r a d i o a c t i v e  s o u r c e s .  The l a t t e r  i s  
e s p e c i a l l y  a t t r a c t i v e  s i n c e  such s o u r c e s  r e q u i r e  no power.  
The f e a s i b i l i t y  o f  t h i s  approach depends ,  i n  p a r t ,  on t h e  
c o n c e n t r a t i o n  o f  macromolecules  w i t h i n  a n  o rgan i sm;  i . e . ,  
i f  macromolecules  a r e  h i g h l y  clumped,  i t  is  d i f f i c u l t  t o  g e t  
m e a n i n g f u l  d a t a .  

L a b o r a t o r y  measurements are needed t o  d e t e r m i n e  t h e  optimum 
o p t i c s  f o r  X-ray s c a t t e r .  Some o f  t h e  c o n s i d e r a t i o n s  a r e  known 
f o r  l i g h t  s c a t t e r ,  b u t  more i n f o r m a t i o n  i s  needed  f o r  t h e  
s p e c i f i c  case of  X-ray s c a t t e r .  

2 - 6  
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The f o l l o w i n g  i s  a l i s t  o f  s u g g e s t i o n s  f o r  l a b o r a t o r y  t e s t i n g  o f  
t h e  X-ray  s c a t t e r  t e c h n i q u e .  

Conduct t e s t s  t o  d e t e r m i n e  w h e t h e r  
r a d i o a c t i v e  X-ray s o u r c e s  w i l l  b e  s u i t a b l e .  

Conduct t e s t s  t o  d e t e r m i n e  t h e  s u i t a b i l i t y  
o f  c u r r e n t l y  a v a i l a b l e  X-ray  g e n e r a t o r s .  I t  
may b e  d e s i r a b l e ,  however,  t o  d e v e l o p  and t e s t  
an e f f i c i e n t ,  small X-ray g e n e r a t o r  w i t h  a 
h i g h l y  c o l l i m a t e d  beam f o r  t h i s  s p e c i f i c  
a p p l i c a t i o n .  

Test v a r i o u s  media f o r  u s e  i n  Wolf T r a p  t o  
o p t i m i z e  t h e  X-ray s c a t t e r  t e c h n i q u e .  

Des ign  an e x p e r i m e n t a l  c u l t u r e  c e l l  t h a t  i s  
p r a c t i c a l  f o r  b o t h  l i g h t  and X-ray scat ter- i f  
b o t h  t e c h n i q u e s  a re  t o  b e  u s e d .  

Conduct f u r t h e r  t e s t s  t o  r e l a t e  t h e  X-ray 
s c a t t e r  t e c h n i q u e  t o  t h e  o t h e r  p a r a m e t e r s  
b e i n g  measured. 

2 - 7  
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tiydrogen ion  c o n c e n t r a t i o n  measurement (pH) h a s  a l r e a d y  been 
s u g g e s t e d  a s  a p a r a m e t e r  t o  be measured i n  Wolf T rap ;  however,  
d u e  t o  t h e  e x i s t i n g  problems o f  e l e c t r o d e  s t e r i l i z a t i o n ,  i t  i s  
n e c e s s a r y  t o  c o n s i d e r  an a l t e r n a t e  approach .  C o n d u c t i v i t y  
c o u l d  g i v e  somewhat t h e  same t y p e  o f  i n f o r m a t i o n  a s  pH measure-  
men t s .  Once t h e  sample i s  i n t r o d u c e d  and t h e  s y s t e m  h a s  
s t a b i l i z e d ,  any changes  i n  c o n d u c t i v i t y  would be due t o  changes  
i n  t e m p e r a t u r e  o r  chemica l  i o n i z a t i o n .  

E l e c t r i c i t y  h a s  been  shown t o  f low t h r o u g h  l i q u i d s .  T h i s  f low 
depends on t h e  movement of e l e c t r i c  c h a r g e s  such  a s :  e l e c t r o n s  
( a s  i n  t h e  c a s e  o f  m e t a l s ) ;  p o s i t i v e  and n e g a t i v e  i o n s  ( a s  i n  
s a l t ,  a c i d  o r  b a s e  s o l u t i o n s ) ;  o r  l a r g e r  cha rged  p a r t i c l e s  ( a s  
i n  c o l l o i d a l  c o n d u c t o r s ) .  

The c u r r e n t  f l o w i n g  th rough  a g i v e n  e l e c t r o l y t i c  c o n d u c t o r  i s  
r e l a t e d  t o :  t h e  a p p l i e d  v o l t a g e ;  t h e  number o f  cha rged  p a r t -  
i c l e s ;  and t h e  c u r r e n t - c a r r y i n g  c a p a c i t y  o f  t h e  p a r t i c l e s  i n  
t h e  s o l v e n t  a t  a g i v e n  t e m p e r a t u r e  and p r e s s u r e .  

Chemical r e a c t i o n s  o c c u r  a t  two m e t a l l i c  e l ec t rodes -an  anode 
and a c a t h o d e .  Anions ,  which a r e  n e g a t i v e  i o n s ,  move towards 
t h e  anode w h i l e  c a t i o n s ,  which a r e  p o s i t i v e  i o n s ,  move towards  
t h e  c a t h o d e .  Conductance i n  an e l e c t r o l y t i c  c e l l  i n v o l v e s  
b o t h  i o n i c  and e l e c t r o n i c  t r a n s p o r t .  E l e c t r o n s  a r e  r e l e a s e d  
t o  t h e  m e t a l  by i o n s  a t  t h e  anodes ( o x i d a t i o n ) .  These e l e c -  
t r o n s  a r e  t r a n s p o r t e d  t o  t h e  c a t h o d e  where e l e c t r o n s  a r e  
abso rbed  from t h e  e l e c t r o d e  by i o n s  ( r e d u c t i o n ) .  

C u r r e n t  i s  p r o p o r t i o n a l  t o  the  a p p l i e d  e l e c t r o m o t i v e  f o r c e  
i n  m e t a l l i c  c o n d u c t i o n .  
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where I is the current, V the electromotive force, and R is 
the resistance o f  the circuit. This is Ohm's law. Frederick 
Kohlrausch has shown that this law also applies to electrolytic 
conductance when polarization (as defined below) is eliminated 
because an electrolyte has a constant resistance under given 
conditions. 

If a direct current is driven between two platinum electrodes 
immersed in an electrolytic solution, the flow o f  current may 
decrease in time. Part of the explanation for this decrease 
in flow is found in the accumulation of the products of elec- 
trolysis at the electrodes. These products form a galvanic 
cell that causes a current to flow in the opposite direction 
of the primary flow. This reverse electromotive force is 
called the electromotive force of polarization. 

In order to accurately measure electrolytic conductivity, 
polarization must be eliminated. In 1869, Kohlrausch and Mol- 
born virtually eliminated polarization in their measurements 
by using an alternating rather than direct current. By this 
method, the ions are driven first in one direction and then 
the other. This allows only a small amount o f  the products 
of  electrolysis to accumulate at the electrodes. 

An additional approach for reducing polarization is the use 
o f  platinum black electrodes. This increases surface area- 
which is desirable; however, platinum electrodes absorb a 
certain amount of salt in the blacking process (immersion in 
a 3 percent solution of platinum chloride that contains a 
trace of lead acetate). This could introduce errors when 
dilute solutions are involved. To increase sensitivity in 
dilute solutions, the electrodes are heated after platiniza- 
tion to give a gray surface. 
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The usual method of  measuring resistance is the Wheatstone 
bridge, which is diagramed below. 

Fig. 3- 1 Wheats tone Bridge 

In this figure, rl and r2 are fixed resistances with R1 the 
electrolytic cell of unknown resistance. 
potentiometer that is adjusted until the detector C indicates 
that no current is flowing across the bridge. 
brium condition, the voltage at points a and b are identical. 
Figure 3 - 2  shows a generalized electrolytic cell. 

R 2  is a variable 

In this equili- 

The resistance of the electrolyte is given by 

( 3 . 2 1  
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SOLUTION 

I 
PLATINUM 
ELECTRODES 

GLASS CELL 

Fig. 3 - 2  Electrolytic Ce 

The conductance is 

1 
P =  - 

R1 
( 3 . 3 )  

which is the current (in amperes) for 1 volt potential difference 
between the electrodes. 

The cell is placed in a thermostatically controlled bath, since 
conductivity increases with temperature. For a standardized cell, 
the temperature coefficient is approximately 2 percent per degree. 

Several alternate methods for measuring conductivity have been 
proposed, all o f  them using direct current. These approaches 
attempt to overcome errors introduced by electrostatic capacity 
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and polarization. E. Newberry modified the usual method of 
measuring resistance in a metallic conductor by determining, 
during the flow of a known current, the fall of potential 
between two points in a path of known dimensions. 
purpose, a tube of known dimensions contains the electrolyte. 
The tube is placed horizontally, connected at each end to 
vessels containing the electrodes. Standard electrodes (cal- 
omel, mercurous sulfate) come into contact with the solution 
in the tube at two intermediate points and connect with an 
accurate dial potentiometer. 
is defined by Ohm's law. E .  D. Eastman developed a similar 
method, but both methods are limited to electrolytes for which 
nonpolarizable electrodes are known. 

For this 

The resistance of the electrolyte 

The dimensions of a conductivity cell do not need to be known 
precisely if the cell is standardized with a solution of known 
conductivity. Thus, a cell constant can be found that relates 
the resistance of the cell to the conductivity of the solution. 
The conductivity of the solvent used is subtracted from the 
observed conductivity of the solution. 
may be obtained by using ion exchange resins or by distilling 
water twice in a block tin apparatus. The specific conductivity 
of such water is about 0.1 x when contaminated with dis- 
solved carbon dioxide.) 

(Low conductivity water 

The equivalent conductivity of a solute ( A )  is defined as the 
specific conductance of the solution in ohm-' cm-', divided by 
its concentration in equivalents per cubic centimeter. 

lOOOk 
A = -  

C 
( 3 . 4 )  
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Kohl rausch  demons t r a t ed  t h a t  t h i s  q u a n t i t y  i n c r e a s e s  w i t h  d e -  
c r e a s i n g  c o n c e n t r a t i o n ,  r e a c h i n g  a l i m i t i n g  v a l u e  A m  a t  z e r o  
c o n c e n t r a t i o n .  A f t e r  s t u d y i n g  t h e  l i m i t i n g  v a l u e s  f o r  a ser ies  
o f  e l e c t r o l y t e s ,  i t  was found t h a t  each  i o n  c o n t r i b u t e s  c h a r a c -  
t e r i s t i c a l l y  t o  c o n d u c t i v i t y .  From t h i s ,  t h e n ,  i s  d e r i v e d  t h e  
law o f  i ndependen t  m o b i l i t i e s .  

0 0 

Am = A +  + X (3 .5 )  

0 0 

where A +  c o n t r i b u t e s  t h e  p o s i t i v e  i o n s ,  and X t h e  n e g a t i v e .  

The l i m i t i n g  c o n d u c t i v i t y  v a l u e s  a r e  a c c o r d i n g l y  p r o p o r t i o n a l  
t o  t h e  m o b i l i t i e s  ( d e f i n e d  as v e l o c i t i e s  p e r  v o l t  p e r  c e n t i -  
meter) o f  t h e  i o n s  u+ and u , i n  acco rdance  w i t h  t h e  r e l a t i o n  

0 0 

Am = A +  + X = K(u+ + u - )  (3 .6 )  

S i n c e  t h e  m o b i l i t y  r a t i o  (u+/u' + u - )  i s  e q u a l  t o  t h e  r a t i o  of  
t h e  s o  c a l l e d  i o n i c  t r a n s p o r t  number, which can  be  d e t e r m i n e d  
e x p e r i m e n t a l l y ,  t h e  i n d i v i d u a l  i o n i c  conduc tances  can  a l s o  be  
c a l c u l a t e d  by combining conductance  and t r a n s f e r e n c e  measure-  
men t s .  

I n  1887,  Svan te  A r r h e n i u s  proposed  t h e  c l a s s i c a l  i o n i c  o r  
e l e c t r o l y t i c  d i s s o c i a t i o n  t h e o r y .  He was t h e  f i r s t  t o  assume 
t h a t  e l e c t r o l y t i c  conductance  i s  due t o  f r e e l y  moving cha rged  
p a r t i c l e s .  The l i m i t s  o f  h i s  t h e o r y  a r e  s e e n  i n  h i s  c o n s i d e r -  
a t i o n  o f  t h e  i m p l i c a t i o n s  o f  Eq. ( 3 . 4 ) .  Exper iments  have shown 
t h a t  as t h e  c o n c e n t r a t i o n  d e c r e a s e s ,  A i n c r e a s e s .  A r r h e n i u s  
e x p l a i n e d  t h i s  by assuming t h a t  t h e  number o f  i o n i c  ca r r i e r s  
d e c r e a s e s  as t h e  c o n c e n t r a t i o n  d e c r e a s e s .  Another  o f  h i s  
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assumpt ions  was t h a t  i o n i c  m o b i l i t y  ( t h e  speed  o f  i o n s  i n  a 
f i e l d  o f  1 v o l t  cm- l )  i s  independen t  o f  c o n c e n t r a t i o n .  
of t h e s e  l a s t  two a s s u m p t i o n s ,  A r r h e n i u s ' s  t h e o r e t i c a l  work i s  
l i m i t e d  t o  t h e  c a s e  o f  t h e  weakly i o n i z e d  s o l u t i o n  ( i . e .  s o l u -  
t i o n s  o f  weak e l e c t r o l y t e s ) .  

I n  1 9 2 3 ,  Debye and HGckel worked on an  i n t e r i o n i c  a t t r a c t i o n  
t h e o r y  t h a t  would e n a b l e  work t o  be done w i t h  s t r o n g  e l e c t r o -  
l y t e s .  According t o  t h e i r  t h e o r y ,  a cha rged  i o n  is  su r rounded  
by i o n s  o f  o p p o s i t e  charge-an i o n  a tmosphere .  T h i s  i s  due t o  
e l e c t r o s t a t i c  (coulomb) f o r c e s  and t h e r m a l  mot ion .  

Because 1 
t 
I 
I 
I 

The i o n  a t m o s p h e r e ,  hav ing  a n e t  c h a r g e  e q u a l  t o  b u t  o p p o s i t e  
i n  s i g n  from t h e  s i g n  o f  t h e  cen t r a l  i o n ,  moves w i t h  i t s  
a s s o c i a t e d  m o l e c u l e s  i n  t h e  o p p o s i t e  d i r e c t i o n  of t h e  c e n t r a l  
ion when an e l e c t r i c  p o t e n t i a l  is a p p l i e d .  As a r e s u l t ,  t h e  
central i o n  moves a g a i n s t  a c o u n t e r  c u r r e n t  o f  s o l v e n t ,  which 
m o u n t s  t o  an i n c r e a s e  i n  v i s c o u s  d r a g .  T h i s  c a n  be compared 
t o  t h e  r e t a r d i n g  e f f e c t  o f  t h e  s o l v e n t  on t h e  mot ion  o f  c o l -  
l o i d a l  p a r t i c l e s  i n  an e l e c t r i c  f i e l d ;  h e n c e ,  t h e  name: e lec-  
t r o p h o r e t i c  e f f e c t .  

If  no e x t e r n a l  e l e c t r i c  f i e l d  i s  a p p l i e d ,  a s p h e r i c a l l y  sym- 
metrical  i o n  a tmosphere  e x i s t s ,  w i t h  t h e  e l e c t r i c a l  c e n t e r  of 
g r a v i t y  a t  t h e  c e n t r a l  i o n .  When an e x t e r n a l  f i e l d  i s  a p p l i e d ,  
the i on  a tmosphere  moves t o  compensate f o r  t h i s  c h a r g e ,  T h i s  
occurs r a p i d l y ,  b u t  n o t  i n s t a n t a n e o u s l y .  T h i s  phenomenon i s  
c a l l e d  t h e  time o f  r e l a x a t i o n .  

The e l e c t r o p h o r e t i c  e f f e c t  and t h e  t i m e  o f  r e l a x a t i o n  e f f ec t  
b o t h  i n c r e a s e  a s  c o n c e n t r a t i o n  i n c r e a s e s ;  h e n c e ,  t h e  i o n s  

3-7 



F67-13 

move f a s t e r  i n  a more d i l u t e  s o l u t i o n .  A l s o ,  t h e  e q u i v a l e n t  
c o n d u c t i v i t y *  i n c r e a s e s  w i t h  d i l u t i o n  u n t i l - a t  i n f i n i t e  d i l u -  
t i on - i t  r e a c h e s  a c o n s t a n t  v a l u e  Am . The t h e o r y  shows t h a t  
t h e  e q u i v a l e n t  c o n d u c t i v i t y  Am , which would o c c u r  i f  t h e r e  
were no i n t e r a c t i o n s  between t h e  i o n s ,  i s  r educed  t o  

A = Am - a , / F  ( 3 . 7 )  

where C i s  t h e  c o n c e n t r a t i o n  o f  i o n s  and a i s  a c o n s t a n t .  

Onsager  deve loped  an  e q u a t i o n  f o r  q u a n t i t a t i v e  conduc tance  i n  
v e r y  d i l u t e  s o l u t i o n s ,  based  upon t h e  a f o r m e n t i o n e d  c o n s i d e r a t i o n s  

A = Am - (al lm + B ) , / T  

where C i s  t h e  i o n  c o n c e n t r a t i o n ,  and t h e  c o n s t a n t s  a and b 
depend on t h e  n a t u r e  o f  t h e  s o l v e n t  and upon t h e  t e m p e r a t u r e .  
For  u n i v a l e n t  e l e c t r o l y t e s ,  

8 . 2 0  l o 5  
a =  

(DT) 3'2 
( 3 . 9 )  

*The c u r r e n t  i n  amperes f lowing  between two p a r a l l e l  e l e c t r o d e s  
1 cm a p a r t  when t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  e l e c t r o d e s  
i s  one  v o l t  i s  d e f i n e d 3 a s  t h e  e l e c t r i c a l  c o n d u c t i v i t y  ( A )  when 
t h e  c e l l  c o n t a i n s  1 cm o f  a s o l u t i o n  c o n t a i n i n g  1 gram e q u i v a -  
l e n t  o f  e l e c t r o l y t e .  

Koh l rausch  s t a t e d  i n  1875 t h a t  t h e  e q u i v a l e n t  c o n d u c t i v i t y  o f  
an e l e c t r o l y t e  a t  i n f i n i t e  d i l u t i o n  i s  t h e  sum o f  two p a r t s ,  
one depending  o n l y  on t h e  c a t i o n  and t h e  o t h e r  on t h e  a n i o n :  

a Am = 1, + 1 

where lc and la are  c a l l e d  t h e  m o b i l i t i e s  o f  t h e  i o n s  e x p r e s s e d  

i n  e q u i v a l e n t  c o n d u c t i v i t y  u n i t s  (ohm cm ) .  -1 2 
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(3.10) 

D being the dielectric constant at the absolute temperature T, 
and n being the viscosity. The Onsager equation has been shown 
correct for the conductance of strong electrolytes; however, 
deviations do occur as the concentration increases. 

In 1934 Shedlovshky accounted for these deviations by extending 
Eq. (3.10) to 

(3.11) 

in which 

A;= ( A  + Bm/(I - am (3.12) 

The last two terms may be omitted in many cases (for example, 
most univalent salts and strong acids in water up to a con- 
centration of about 0.1 N) . In 1957, R. M. Fuoss and Onsager 
took the size of the ions into consideration and proposed a 
theoretical explanation for the deviations. In 1954, R. H. 
Stokes and R. A. Robinson developed a semi-empirical equation 
that appears to hold true for conductance at high concentrations. 

In 1927, M. Wien noted that the equivalent conductance of 
electrolytes increased at high potential gradients in accordance 
with the interionic attraction theory. The ion atmosphere hardly 
has time to form if the velocity of the ions resulting from high 
field strengths becomes great enough. The result is that both 
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t h e  e l e c t r o p h o r e t i c  and t ime o f  r e l a x a t i o n  e f f e c t s  become c o r r e -  
s p o n d i n g l y  d i m i n i s h e d .  

The i n t e r i o n i c  i n t e r f e r e n c e  e f f e c t s  a r e  more a p p a r e n t  a t  h i g h e r  
c o n c e n t r a t i o n s  of  h i g h  v a l e n c e  e l e c t r o l y t e s .  Unexpected ly ,  weak 
a c i d s  and b a s e s  show a l a r g e  Wien e f f e c t .  Consequen t ly ,  i t  
a p p e a r s  t h a t  h igh  f i e l d  s t r e n g t h s  r e s u l t  i n  i n c r e a s e d  i o n i z a t i o n  
i n  t h e s e  weak e l e c t r o l y t e s .  

G e n e r a l l y ,  one measures  conductance  w i t h  a l t e r n a t i n g  c u r r e n t s  
t o  a v o i d  p o l a r i z a t i o n .  I n  1928,  Debye and Falkenhagen used  
f r e q u e n c i e s  g r e a t e r  t h a n  5 mega-Hertz and demons t r a t ed  a n  i n -  
c r e a s e d  e q u i v a l e n t  conductance  approaching  a l i m i t i n g  v a l u e  
somewhat lower  t h a n  A w  . A t  h igh  f r e q u e n c i e s ,  t h e  i o n  atmosphere 
forms-as opposed t o  t h e  Wien e f f e c t ;  however,  because  t h e r e  i s  
no t  enough t i m e  f o r  t h e  i o n s  t o  f u l l y  d i s t o r t ,  t h e r e  i s  a loss 
of  t h e  t ime o f  r e l a x a t i o n  e f f ec t .  (The e l e c t r o p h o r e t i c  e f f e c t  
is n o t  a f f e c t e d . )  A s  t h e  f r equency  i s  i n c r e a s e d ,  A approaches  
A, - r a t h e r  t h a n  hw . 

I n  s o l v e n t s  of  h i g h  d i e l e c t r i c  c o n s t a n t ,  such  a s  w a t e r ,  s t r o n g  
e l e c t r o l y t e s  a p p e a r  c o m p l e t e l y  i o n i z e d .  However, i n  s o l v e n t s  
of low d i e l e c t r i c  c o n s t a n t ,  no s t r o n g  e l e c t r o l y t e s  e x i s t  and 
l a r g e  n e g a t i v e  d e v i a t i o n s  from t h e  Onsager s l o p e s  o f  conductance  
a re  o b s e r v e d .  

When c o n s i d e r i n g  weak e l e c t r o l y t e s ,  t h e  f o l l o w i n g  t h r e e  assump- 
t i o n s  must be made: 

(1) Only a p o r t i o n  of  a weak e l e c t r o l y t e  i s  i n  t h e  
form o f  f r e e  i o n s  
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( 2 )  The r e s t  i s  u n d i s s o c i a t e d  

( 3 )  An e q u i l i b r i u m  e x i s t s  between t h e  two forms o f  
t h e  s o l u t e  i n  accordance  w i t h  t h e  law o f  mass 
a c t i o n .  I t  i s  n o t  n e c e s s a r y  f o r  t h e  u n d i s s o c i -  
a t e d  s o l u t e  t o  c o n s i s t  of s t a b l e  m o l e c u l e s  bound 
t o g e t h e r  by chemica l  o r  quantum f o r c e s .  N. 
Bjerrum s u g g e s t e d  t h a t  t h e y  may be i o n  p a i r s ;  
when a p a i r  o f  i o n s  o f  o p p o s i t e  c h a r g e  a r e  c l o s e  
t o g e t h e r ,  e l e c t r o s t a t i c  f o r c e  t e n d  t o  h o l d  them 
t o g e t h e r  a s  a d i p o l e .  Such an i o n  p a i r  may be  
s e p a r a t e d  i f  t h e  ave rage  k i n e t i c  e n e r g y  of t h e  
s o l v e n t  molecule  i s  g r e a t e r  t h a n  t h e  p o t e n t i a l  
e n e r g y  o f  t h e  i o n  p a i r ;  t h i s  i s  s e e n  w i t h  s t r o n g  
e l e c t r o l y t e s  i n  s o l v e n t s  w i t h  h i g h  d i e l e c t r i c  
c o n s t a n t s .  I n  a s o l u t i o n  hav ing  an a v e r a g e  
k i n e t i c  e n e r g y  l e s s  t h a n  t h e  mutua l  p o t e n t i a l  
ene rgy  o f  t h e  ion  p a i r ,  t h e  i o n  p a i r  e x i s t s  
u n t i l  i t  i s  s t r u c k  by an  e x c e p t i o n a l l y  f a s t  
s o l v e n t  molecu le .  By t h i s  t h e o r y ,  one can  pre- 
d i c t  an i n c r e a s e  i n  i o n  p a i r s  i f :  t h e  d i e l e c t r i c  
c o n s t a n t  i s  low; t h e  i o n s  a r e  small; t h e  c h a r g e s  
a r e  l a r g e ;  and t h e  t e m p e r a t u r e  i s  low. 

A r r h e n i u s ' s  d i s s o c i a t i o n  t h e o r y  demons t r a t ed  t h a t  weak e l e c t r o -  
l y t e s  obse rved  t h e  Ostwald d i l u t i o n  law:  

( 3 . 1 3 )  

where C e q u a l s  c o n c e n t r a t i o n  and k i s  a c o n s t a n t .  Th i s  e x p r e s -  
s i o n  i s  based  on t h e  law o f  mass a c t i o n  and t h e  f o l l o w i n g  two 
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F 6 7  - 13 

(1) The ions are perfect solutes 

( 2 )  The ratio - A represents the degree of dissociation. 
AO, 

Unfortunately, there are several complications. Assumption (1) 
is only an approximation of ionic behavior in dilute solutions, 
and assumption ( 2 )  is valid only if the mobility of ions do not 
change with concentration-which is contrary to fact. 

Corrections for nonideal behavior of ion activity coefficients 
and for the decrease in ionic mobilities with increase in concen- 
tration have been made through the use of the interonic attraction 
theory of Debye, Hkkel, and Onsager. In 1 9 3 2 ,  for example, Mac- 
Innes and Shedlovsky measured the conductance of aqueous acetic 
acid solutions and computed the ionization constant of this acid. 

The above brief outline of the strong and weak electrolyte theory 
explains quantitatively the ionic conductivity in relatively 
dilute aqueous and nonaqueous solutions. The quantitative theory 
of colloidal solutions and concentrated ionic solutions is not 
yet complete in the literature. 
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The f o l l o w i n g  e f f o r t  i s  s u g g e s t e d  t o  f u r t h e r  e v a l u a t e  t h e  
v a l u e  o f  measur ing  t h i s  pa rame te r  i n  a l i f e  d e t e c t i o n  sys t em:  

Des ign  a c u l t u r e  chamber t h a t  meets t h e  r e q u i r e -  
ments  o f  b o t h  l i g h t  s c a t t e r  and c o n d u c t i v i t y .  

Conduct s t u d i e s  t o  d e t e r m i n e  what t y p e s  o f  media 
would b e s t  show a change i n  c o n d u c t i v i t y  as a 
f u n c t i o n  o f  c e l l u l a r  growth.  

Conduct t e s t s  t o  d e t e r m i n e  t h e  optimum e l e c t r o d e  
m a t e r i a l s  and forms (such  as s c r e e n s  v e r s u s  
p l a t e s ) .  

E v a l u a t e  whe the r  a l t e r n a t i n g  o r  d i r e c t  c u r r e n t  
b e s t  meets t h e  r e q u i r e m e n t s  o f  t h e  Wolf T r a p  l i f e  
d e t e c t i o n  d e v i c e .  

Conduct t e s t s  t o  d e t e r m i n e  how t h e  e l e c t r i c  c u r -  
r e n t  needed  f o r  t h i s  measurement would a f f e c t  
growing organisms.  

S tudy  c o n d u c t i v i t y  i n  r e l a t i o n  t o  o t h e r  p a r a m e t e r s .  
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S e c t i o n  4 

FLUORESCENCE 

F l u o r e s c e n c e  i s  a p r o p e r t y  of m a t t e r  i n v o l v i n g  t h e  e m i s s i o n s  o f  
r a d i a t i o n  a s  r a d i a t i o n  i s  abso rbed .  When a s o l u t e  p a r t i c l e  i s  
e x c i t e d  by t h e  a b s o r p t i o n  o f  a pho ton ,  t h e r e  a r e  two p o s s i b l e  
p a t h s  by which t h e  molecule  can r e t u r n  t o  i t s  l o w e s t  e l e c t r o n i c  
s t a t e - i t s  ground s t a t e .  

One p a t h  i s  t h a t  o f  f l u o r e s c e n c e .  As t h e  photon  i s  abso rbed ,  
t h e  e l e c t r o n s  o f  t h e  s o l u t e  molecule  a r e  e x c i t e d  from t h e  l o w e s t  
v i b r a t i o n a l  l e v e l  of t h e  ground s t a t e  t o  v a r i o u s  v i b r a t i o n a l  
l e v e l s  o f  t h e  e x c i t e d  s i n g l e t  s t a t e .  (The s i n g l e t  s t a t e  is one 
i n  which a l l  o f  t h e  e l e c t r o n s  i n  t h e  molecu le  have t h e i r  s p i n s  
p a i r e d . )  
i t  undergoes  t h e r m a l  r e l a x a t i o n ,  t r a n s f e r r i n g  t h e  excess v i b r a -  
t i o n a l  ene rgy  from t h e  s o l u t e  molecule  t o  t h e  s o l v e n t .  The 
e x c e s s  v i b r a t i o n a l  ene rgy  i s  t h e  d i f f e r e n c e  i n  ene rgy  between 
t h e  v a r i o u s  v i b r a t i o n a l  l e v e l s  of  t h e  s i n g l e t  s t a t e  t o  which t h e  
molecu le  i s  e x c i t e d  and t h e  lowes t  v i b r a t i o n a l  l e v e l  o f  t h e  s i n g -  
l e t  s t a t e  from which energy  i s  e m i t t e d .  Energy i s  e m i t t e d  as 
the molecu le  goes from t h e  lowes t  v i b r a t i o n a l  l e v e l  o f  t h e  s i n g -  
l e t  s t a t e  t o  v a r i o u s  l e v e l s  of t h e  ground s t a t e  ( F i g ,  4 - 1 ) .  
(The ene rgy  abso rbed  can be e i t h e r  v i s i b l e  o r  u l t r a v i o l e t  l i g h t .  
The e m i t t e d  l i g h t ,  t h e  f l u o r e s c e n t  l i g h t ,  i s  always a l o n g e r  
wave leng th  t h a n  i s  t h e  absorbed  l i g h t . )  

Be fo re  an  e x c i t e d  molecule  can  e m i t  ene rgy  a s  a pho ton ,  

The o t h e r  p a t h  i s  r e f e r r e d  t o  a s  i n t e r s y s t e m  crossing-a s p i n -  
dependen t ,  i n t e r n a l  c o n v e r s i o n  p r o c e s s  t h a t  i s  n o t  w e l l  u n d e r -  
s t o o d .  I t  i s  p o s t u l a t e d  t h a t  a f t e r  t h e  e l e c t r o n s  a r e  e x c i t e d  t o  
t h e  s i n g l e t  s t a t e ,  t h e r e  i s  a v i b r a t i o n a l  c o u p l i n g  between t h e  
e x c i t e d  s i n g l e t  s t a t e  and a t r i p l e t  s t a t e .  (The t r i p l e t  s t a t e  
i s  d e f i n e d  as a s t a t e  i n  which one s e t  o f  e l e c t r o n  s p i n s  h a s  
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become u n p a i r e d ;  i . e . ,  a l l  e l e c t r o n s  i n  t h e  molecu le  e x c e p t  two 
have p a i r e d  s p i n s . )  Once t h e  energy  i s  t r a p p e d  i n  t h e  t r i p l e t  
s t a t e ,  i t  f a l l s  t o  t h e  l o w e s t  v i b r a t i o n a l  l e v e l  o f  t h e  t r i p l e t  
s t a t e  and t h e n  t o  t h e  ground s t a t e .  I n  t h i s  l a s t  s t e p ,  t h e  
e n e r g y  i s  c o n v e r t e d  t o  h e a t ,  and t h e r e  i s  no  e m i s s i o n  o f  p h o t o n s .  

The f l u o r e s c e n c e  o f  a s o l u t e  can be g r e a t l y  a f f e c t e d  by i t s  
e x t e r n a l  env i ronmen t .  Many s o l u t e s  f l u o r e s c e  o n l y  i n  s e l e c t  
s o l v e n t s ;  o t h e r s  f l u o r e s c e  weakly i n  many s o l v e n t s ,  b r i g h t l y  i n  
o n l y  a few. F l u o r e s c e n c e  i s  t e m p e r a t u r e  dependen t ;  an i n c r e a s e  
i n  t e m p e r a t u r e  u s u a l l y  c a u s e s  a d e c r e a s e  i n  f l u o r e s c e n c e  i n t e n -  
s i t y .  Some s o l u t e s  a r e  h i g h l y  pH dependen t ,  o t h e r s  a re  n o t .  
I n o r g a n i c  s a l t s ,  o r g a n i c  compounds, and d i s s o l v e d  g a s e s  can  r e d u c e  
t h e  f l u o r e s c e n c e  p r o p e r t i e s  of a compound i n  s o l u t i o n .  

I t  i s  b e l i e v e d  t h a t  a l l  s o l u t e s  w i t h o u t  a t r i p l e t  s t a t e  do f l u o r -  
esce.  However, due t o  t h e  e f f i c i e n t  quench ing  a g e n t s  such  a s  
water and d i s s o l v e d  02, i t  may be d i f f i c u l t  t o  o b s e r v e  f l u o r e s c e n c e  
i n  a s o l u t i o n .  For  example,  s u b s t a n c e  X may be  o b s e r v e d  t o  f l u o r -  
esce u n d e r  a m i c r o s c o p e ,  when t h e  s o l u t e  i s  suspended  i n  a t h i n  
l a y e r  o f  s o l v e n t .  The e m i t t e d  l i g h t  i s  e a s i l y  o b s e r v e d ,  f o r  t h e  
quench ing  e f f e c t  o f  w a t e r  and oxygen i s  low, due t o  t h e  s h o r t  
d i s t a n c e  t h e  e m i t t e d  l i g h t  t r a v e l s  t h rough  t h e  quench ing  medium. 
T h i s  same s u b s t a n c e  may show no f l u o r e s c e n c e  when t h e  s o l u t i o n  
i s  o b s e r v e d  i n  a t e s t  t u b e .  

On t h e  o t h e r  hand,  i f  t h e  molecule  does  have a t r i p l e t  s t a t e ,  
t h e r e  i s  no e m i s s i o n  o f  r a d i a t i o n  ( t h e  e n e r g y  h a v i n g  been  con-  
v e r t e d  t o  h e a t . )  The e x i s t e n c e  o f  a t r i p l e t  s t a t e  a t  p r e s e n t  
i s  r a r e l y  p r e d i c t a b l e .  I n  many c a s e s ,  i t  i s  o n l y  an o b s e r v a b l e  
phenomenon. 
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F l u o r e s c e n c e  has  been s u g g e s t e d  a s  an a d d i t i o n a l  p a r a m e t e r  t o  be 
measured by t h e  Wolf Trap  d e v i c e .  Both X- ray  and u l t r a v i o l e t  
l i g h t  c o u l d  s e r v e  a s  an energy  soui-ce f o r  such  work. However, 
t he  p r a c t i c a l i t y  of t h i s  method i s  d e b a t a b l e  s i n c e  f l u o r e s c e n c e  
i s  n o t  a fundamenta l  p r o p e r t y  o f  a l l  l i v i n g  m a t t e r .  Fu r the rmore ,  
n a t u r a l l y  o c c u r r i n g  m i n e r a l s  and o t h e r  n o n l i v i n g  ma te r i a l s  
f l u o r e s c e .  

T h e r e  a r e  two p o s s i b l e  approaches  t o  measu r ing  f l u o r e s c e n c e :  
t h e  organisms can  be  obse rved  e i t h e r  i n  a c u l t u r e  chamber o r  
u n d e r  a mic roscope .  However, b e c a u s e  t h e  volume o f  t h e  c u l t u r e  
chamber i s  g r e a t ,  t h e  e f f e c t  o f  p o s s i b l e  quench ing  a g e n t s  i s  

a l s o  g r e a t .  

On t h e  o t h e r  hand ,  t h e  o p t i c s  i n v o l v e d  i n  a m i c r o s c o p i c  d e v i c e  
a r e  q u i t e  complex due t o  t h e  number o f  l e n s e s  t h a t  a r e  r e q u i r e d .  
However, even i f  i t  were p o s s i b l e  t o  view t h e  organisms unde r  
c o n d i t i o n s  s imi la r  t o  u l t r a v i o l e t  mic roscopy ,  t h e r e  would s t i l l  
be  two problems:  unknown s u b s t a n c e s  would b e  i n t r o d u c e d  i n t o  t h e  
c u l t u r e  chamber a l o n g  w i t h  t h e  sample ,  i n  a l l  l i k e l i h o o d  a f -  
f e c t i n g  t h e  f l u o r e s c e n c e  p r o p e r t i e s  o f  t h e  o rgan i sms ;  and t h e r e  
c o u l d  w e l l  b e  s e r i o u s  i n s t r u m e n t a t i o n  p rob lems .  The human e y e  i s  
much more s e l e c t i v e  t h a n  d e t e c t o r s  i n  d i s c r i m i n a t i n g  between 
two l i g h t  i n t e n s i t i e s ;  i . e . ,  i n  d e t e c t i n g  w h i t e  on w h i t e ,  a 
s t a r  a g a i n s t  sky  glow, o r  s m a l l  c o l o r  d i f f e r e n c e s .  And t h e  
human eye  can  be  d a r k  a d a p t e d  t o  d i s c e r n  a s  few as a 1 0 0  p h o t o n s .  
A t  p r e s e n t ,  l i g h t  d e t e c t o r s  can do none o f  t h e s e  t h i n g s  as w e l l .  

4 - 4  
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\$e s u g g e s t  t h e  f o l l o w i n g  e f f o r t  t o  de t e rmine  t h e  f e a s i b i l i t y  
o f  measur ing  f l u o r e s c e n c e  i n  Wolf Trap:  

E v a l u a t e  X-ray  g e n e r a t o r s  a s  a s o u r c e  o f  t h e  
e x c i t i n g  ene rgy .  

S tudy  t h e  p r a c t i c a l i t y  o f  u l t r a v i o l e t  as t h e  
e x c i t i n g  ene rgy .  

Make i n s t r u m e n t  measurements on t h i n  l a y e r s  o f  
n u t r i e n t  s u s p e n s i o n s .  

C o n s i d e r  t h e  p o s s i b l e  u s e  of a f l u o r e s c e n t  dye 
i n  c o l o r i m e t e r  t e s t s .  

4-5 



I B  8 

I 
I 
B 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Ii 13 I t  ( :  
F67-13 

S e c t i o n  5 
COMPONENTS 

Many e n g i n e e r i n g  advances  have r e c e n t l y  been  made i n  t h e  compon- 
e n t s  a v a i l a b l e  t o  t h e  d e s i g n e r s  of  t h e  Wolf Trap  e n g i n e e r i n g  
model.  I t  i s  d e s i r a b l e  t o  remain aware o f  t h e s e  advances  s o  
t h a t  t h e  l a t e s t  i n f o r m a t i o n  w i l l  be a v a i l a b l e  when t h e  f i n a l  
d e s i g n  e f f o r t  i s  r e q u i r e d .  

The f o l l o w i n g  i s  a summary of  r e c e n t  deve lopments  i n  t h e  compon- 
e n t s  o f  s p e c i a l  i n t e r e s t  t o  u s .  

E n e r w  Sources  

(1 )  M a n u f a c t u r e r s  of  i n c a n d e s c e n t  lamps have 
r e c e n t l y  b u i l t  m i n i a t u r e  lamps w i t h  a 
s i g n i f i c a n t  i n c r e a s e  i n  r e l i a b i l i t y ,  
s h e l f  l i f e ,  and l i f e  e x p e c t a n c y .  These 
m a n u f a c t u r e r s  have found a way t o  r educe  
t h e  b u i l d u p  of d e p o s i t s  on t h e  windows 
and have developed  a g l a s s  w i t h o u t  t h e  
p r e v i o u s  d e f e c t  of  d i s c o l o r a t i o n  (which 
i s  due t o  a g i n g ) .  

( 2 )  Gal l ium a r s e n i d e  i n f r a r e d  s o u r c e s  a r e  now 
on t h e  m a r k e t .  These  rugged ,  s t a b l e ,  
l o n g - l i f e  d e v i c e s  a r e  s o u r c e s  o f  h i g h l y  
c o l l i m a t e d  r a d i a t i o n .  They a r e  o f  i n t e r -  
e s t  because  they  p r o v i d e  u s e f u l  i n t e n s i -  
t i e s  a t  moderate  power r e q u i r e m e n t s .  

5-1 
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( 3 )  Manufac tu re r s  have c o n t i n u e d  t o  improve t h e  
s t a b i l i t y  o f  glow d i s c h a r g e  lamps and arc 
lamps.  These lamps a r e  a v a i l a b l e  i n  a wide 
v a r i e t y  o f  e m i s s i o n  f r e q u e n c i e s ;  f u r t h e r m o r e ,  
t h e y  can  b e  p u l s e d  a t  h i g h  i n t e n s i t i e s .  

( 4 )  An i n t e r e s t i n g  p o s s i b i l i t y  a t  p r e s e n t  i s  t h e  
u s e  o f  r a d i o a c t i v e  l i g h t  s o u r c e s .  R a d i o a c t i v e  
l i g h t  r e q u i r e s  no power,  i s  v e r y  s t a b l e ,  and 
i s  a v a i l a b l e  i n  a wide r a n g e  o f  s p e c t r a l  o u t -  
p u t s .  However, t h e  o u t p u t  i s  v e r y  weak and 
i s  a l s o  u n c o l l i m a t e d .  High g a i n  d e t e c t o r s  
would have t o  be u s e d .  

( 5 )  R a d i o a c t i v e  X-ray s o u r c e s  a re  a v a i l a b l e  f o r  
s e v e r a l  d i f f e r e n t  e n e r g i e s .  U n f o r t u n a t e l y ,  
t h e  commercial  marke t  o f f e r s  no  small X-ray 
g e n e r a t o r s  w i t h  r e a s o n a b l e  power r e q u i r e m e n t s .  
Because o f  t h e  un ique  r e q u i r e m e n t s  o f  Wolf 
Trap ,  i t  may b e  d e s i r a b l e  t o  o p t i m i z e  t h e  
d e s i g n  o f  a s p e c i a l  m i n i a t u r e  g e n e r a t o r .  

Windows 

(6)  Corning  Glassworks h a s  r e c e n t l y  marke ted  
an o p t i c a l  window g l a s s  w i t h  h i g h  t r a n s m i s s i o n  
e f f i c i e n c y  f o r  i n f r a r e d  l i g h t .  

( 7 )  Mention must be made o f  f u s e d  s i l i c a  and 
s a p p h i r e  windows. Due t o  r e c e n t  improve- 
ments ,  t h e  o p t i c a l  g rade  o f  t h e s e  windows 
now approaches  t h e  r e q u i r e m e n t s  f o r  corono-  
graph  o p t i c s .  They a r e  d e s i g n e d  t o  be  u s e d ,  
p r i m a r i l y  w i t h  u l t r a v i o l e t  l i g h t .  

5 - 2  



I .  
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 
1 
I 
I 
I 
I 
1 
I 
I 

F67-13 

( 8 )  Itigh s t r e n g t h  g l a s s  i s  now a v a i l a b l e  f o r  
t h e  manufac tu re  o f  e s s e n t i a l l y  i n d e s t r u c t -  
i b l e  l a b o r a t o r y  g l a s s w a r e .  

( 9 )  High s t r e n g t h ,  low z windows a r e  now marke ted  
a s  t h i n  f i l m s .  These windows a r e  a b l e  t o  
p a s s  b o t h  X-rays and a wide r ange  o f  wave- 
l e n g t h s  i n  t h e  v i s i b l e  spec t rum.  

( 1 0 )  R e s e a r c h e r s  a r e  c o n t i n u i n g  t o  improve 
b e r y l l i u m  windows f o r  u s e  w i t h  X-ray 
r a d i a t i o n .  

(11) C u r r e n t l y  a v a i l a b l e  a r e  rugged narrowband 
p a s s  f i l t e r s  t h a t  a l l o w  s e l e c t e d  f r e q u e n -  
c i e s  of  l i g h t  t o  be obse rved ,  even  though 
t h e  l i g h t  s o u r c e  i s  broadband.  

D e t e c t o r s  

(12)  Recent  advances i n  s i l i c o n  c r y s t a l  d e t e c -  
t o r s  have  i n c r e a s e d  s e n s i t i v i t y  and de-  
c r e a s e d  n o i s e  l e v e l  i n  t h e s e  i n s t r u m e n t s .  
Ext remely  rugged models a r e  now a v a i l a b l e .  

(13)  Now on t h e  marke t  i s  a p h o t o s e n s t i v e  
N-channel  s i l i c o n  j u n c t i o n  f i e l d  e f f e c t  
t r a n s i s t o r .  

5 - 3  



F67-13 

(14)  M i n i a t u r e  g a s - f i l l e d  p r o p o r t i o n a l  c o u n t e r s  
a r e  now a v a i l a b l e  from s e v e r a l  manufac- 
t u r e r s .  These c o u n t e r s  have t h i n  b e r y l -  
l i um windows t h a t  e f f i c i e n t l y  p a s s  X-ray 
r a d i a t i o n .  S e v e r a l  models have a l r e a d y  
flown on r o c k e t  and s a t e l l i t e  e x p e r i m e n t s .  

(15) Wi th in  t h e  y e a r ,  a n o t h e r  d e v i c e  of 
i n t e r e s t ,  t h e  c h a n n e l t r o n ,  i s  t o  be  
f l i g h t  t e s t e d  i n  s a t e l l i t e  e x p e r i m e n t s .  
These d e v i c e s  a r e  windowless  l i g h t  
and p a r t i c l e  s e n s i t i v e  d i s t r i b u t e d  s t a g e  
m u l t i p l i e r s .  

(16)  B e l l  L a b o r a t o r i e s  h a s  r e c e n t l y  deve loped  
a germanium a v a l a n c h e  e l e c t r o n  m u l t i -  
p l i e r  f o r  u s e  w i t h  v i s i b l e  and i n f r a r e d  
l i g h t .  

(17)  R e c e n t l y  deve loped  by J o h n s t o n e  
L a b o r a t o r i e s  i s  a mesh-g r id  e l e c t r o n  
m u l t i p l i e r .  The m u l t i p l i e r  can  be 
used  w i t h  u l t r a v i o l e t  and X-ray r a d i a -  
t i o n .  The e x c i t i n g  f e a t u r e  o f  t h i s  
i n s t r u m e n t  i s  that-in a d d i t i o n  t o  
b e i n g  l i g h t w e i g h t  and rugged-it can  
be  s t e r i l i z e d  (Maximum, 4 O O 0 C  i n  a 
vacuum). 
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(18) I t  i s  p o s s i b l e  t o  be i n c r e a s i n g l y  more 
s o p h i s t i c a t e d  iq s i g n a l  s e l e c t i o n  and 
i n t e r f e r e n c e  r e j e c t i o n  b e c a u s e  l a r g e  
improvements a r e  c o n t i n u o u s l y  b e i n g  
made i n  t h e  f i n ? d s  o f  e l e c t r o n  s t a b i l -  
i t y  and n o i s e  l e v e l  e f f i c i e n c y .  
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C O N C L U S I O N S  

F67-13 

The f o l l o w i n g  c o n c l u s i o n s  r e s u l t  from o u r  r ev iew o f  t h e  l i t e r a -  
t u r e  on l i g h t  s c a t t e r i n g  and p r e v i o u s  work w i t h  t h e  e n g i n e e r i n g  
model o f  Wolf Trap:  

(1)  The p r e s e n t  l a b o r a t o r y  research a p p l i c a t i o n s  o f  
X-ray s c a t t e r i n g  a r e  much more r e f i n e d  t h a n  i s  
needed  i n  Wolf Trap .  We must now s e t  up a t e s t -  
i n g  program t o  f u l l y  e v a l u a t e  t h e  d a t a  a v a i l a b l e  
from an i n s t r u m e n t  c a p a b l e  of  b e i n g  f lown.  

A s e r i e s  of  t e s t s  must be conducted  t o  b e t t e r  
u n d e r s t a n d  t h e  n a t u r e  of  c o n d u c t i v i t y  measurements 
f o r  b i o l o g i c a l  s y s t e m s .  A l so ,  c o n d u c t i v i t y  must 
be s t u d i e d  i n  r e l a t i o n  t o  t h e  t y p e s  o f  media 
b e i n g  c o n s i d e r e d  f o r  Wolf Trap .  I n  s h o r t ,  conduc-  
t i v i t y  must be  s t u d i e d  i n  l i g h t  o f  i t s  r e l a t i o n -  
s h i p  t o  a l l  o t h e r  p a r a m e t e r s  on t h e  Wolf Trap  
d e v i c e .  

( 3 )  The r e q u i r e m e n t s  f o r  measu r ing  f l u o r e s c e n c e  must 
be s t u d i e d  t o  b e t t e r  j udge  i t s  p o t e n t i a l  c o n t r i -  
b u t i o n  w i t h i n  t h e  a v a i l a b l e  s p a c e  and w e i g h t  o f  
t h e  Wolf Trap  d e v i c e .  

Con t inued  t e s t i n g  s h o u l d  b e  conducted  t o  r e f i n e  and s e l e c t  t h o s e  
methods t h a t  w i l l  most e f f e c t i v e l y  i n s u r e  t h a t  t h e  d a t a  o b t a i n e d  
by t h e  Wolf Trap  d e v i c e  i s  c o n c l u s i v e .  

6-1 
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